
FATE OF SELECTED 1-, 2-, AND 3-RING COMPOUNDS 
DURING RECYCLE COAL LIQUEFACTION OPERATION 

D. C. Cronauer, R. I. McNei1, D. A. Danner 

Gulf Research L Development Company 
P.O. Drawer 2038, P i t t s b u r g h ,  PA 15230 

and J. H. Wieland, and J. S. Abichandani 

Department of Petroleum L Chemical m g i n e e r i n g  
Univers i ty  of  P i t t s b u r g h ,  P i t t s b u r g h ,  PA 15261 

INTRODUCTION 

To observe t h e  adduct ion ,  i s o m e r i z a t i o n ,  and cracking  of l a b e l e d  
s o l v e n t  s p e c i e s ,  a s e r i e s  of c o a l  l i q u e f a c t i o n  runs was undertaken us ing  a 
bench-scale u n i t  capable  of cont inuous recyc le  opera t ion .  These experiments  
were made wi th  3C-labeled s o l v e n t s  i n c l u d i n g  octahydrophenanthrene,  phenan- 
t h r e n e ,  methylphenanthrene, d i m e t h y l t e t r a l i n ,  and mesi tylene.  ' This work 
served  a s  an ex tens ion  of p r e v i o u s l y  r e p o r t e d (  1-3)  l abora tory-sca le  e x p e r i -  
ments using s i m i l a r  labe led  model l i q u e f a c t i o n  s o l v e n t s .  

EXPERIMENTAL 

The r e c y c l e  runs wi th  l a b e l e d  compounds were performed using a 
cont inuous,  bench-scale ,  c o a l  l i q u e f a c t i o n  u n i t ,  a schematic  of which i s  shown 
i n  Figure 1.  In summary, the  u n i t  c o n s i s t e d  of feed and product  systems,  a 
p r e h e a t e r  of 8 min nominal space time, and a 1 L s t i r r e d  au toc lave  of 60 min 
space t i m e .  

The opera t ing  procedure c o n s i s t e d  of prepar ing  a feed s l u r r y  i n  a 
hea ted ,  s t i r r e d  tank s e p a r a t e  t o  t h e  u n i t .  The feed was made up of mwhatan 
No. 5 Mine c o a l ,  a p o r t i o n  of r e c y c l e  heavy product  s l u r r y  from the  previous 

' per iod ,  and a r o c e s s  s o l v e n t  genera ted  dur ing  previous  SRC-I1 runs i n  t h e  
GR&Dc p-99 mu(') feed ing  t h e  same c o a l .  The ana lyses  of the  s o l v e n t  and c o a l  
a r e  given i n  Table I. This feed blend was introduced i n t o  the  bench-scale 
u n i t  every 4 h. 

The 13C-labeled compounds were prepared under t h e  d i r e c t i o n  of 
Professor  E. J .  Eisenbraun of  Okalhoma S t a t e  Univers i ty  with a p o r t i o n  of t h e  
ana lyses  of in te rmedia tes  and products  being done a t  GR&DC. A d e t a i l e d  
d e s c r i p t i o n  of t h e  techniques  of s y n t h e s i s  and ana lyses  of a p o r t i o n  of t h e s e  
compounds a r e  repor ted  by Seshadri  e t  al.") and i n  Reference 3. 

In a d d i t i o n  t o  sample d i s t i l l a t i o n  and r o u t i n e  e lementa l  a n a l y s e s ,  
samples of heavy product  s l u r r y  were Soxhlet  e x t r a c t e d  us ing ,  i n  sequence, t h e  
s o l v e n t s :  pentane,  t o l u e n e ,  and t e t r a h y d r o f u r a n  (THF). The Soxhlet  e x t r a c -  
t i o n s  with pentane and toluene were t y p i c a l l y  of 48 h d u r a t i o n ,  and the THF of 
24 h. The s o l v e n t s  were s t r i p p e d  on a steam t a b l e  ( 8 0 T )  with a s t ream of 
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ni t rogen  p r i o r  t o  a n a l y s i s .  Se lec ted  samples of s e p a r a t o r  l i q u i d s  (combined 
NO. 2, No. 3, and i c e  t r a p s )  and pentane s o l u b l e s  were separa ted  by HPLC i n t o  
s a t u r a t e s ,  a romat ics ,  and r e s i n  ( p o l a r )  f r a c t i o n s .  An in-house HPLC was used 
with Bio-si1 A s i l i c a  g e l  (20-44 micron) .  a d e s c r i p t i o n  of t h e  o p e r a t i n g  
procedure was repor ted  by Suatoni and Swab.I6) 

The l e v e l  of 13C-labeling i n  t h e  product  f r a c t i o n s  was determined by 
the standard technique of combustion t o  CO, followed by use of a Varian 
MAT 250 MS to  determine the  r a t i o  of mass 45 t'o 44 

which fo l lows:  
I s o t o p i c  compositions a r e  repor ted  a s  

13c = x 1000% ( p a r t s  per  
RR 

where R, and R. r e f e r  t o  t h e  13C/12C r a t i o  i n  

( s t a t e d  s e n s i t i v i t y  of < 2  x 
va lues ,  t h e  d e f i n i t i o n  of 

thousand ) 

t h e  samule and r e f e r e n c e ,  a 
r e s p e c t i v e l y .  @he r e f e r e n c e  i s  PDB (Peedee Formation carbonate  [ b e l e m n i t e l )  
with a value of 0.0112372. Coal has a t y p i c a l  range of -20 to  -30 p a r t s  per  
mi l l ion  (mis a n a l y s i s  was done a t  G R & E  and a t  Global Geochemistry Corp.) 

RESULTS 

Overa l l  Mater ia l  Balance of Recycle Runs--Lined-out opera t ion  of the 
bench-scale u n i t  was f i r s t  e s t a b l i s h e d  with a feed c o n s i s t i n g  of Fuwhatan 
No. 5 c o a l ,  p rocess  s o l v e n t  ( b o i l i n g  p o i n t  40O0-8OO0F), heavy recyc le  product  
s l u r r y ,  and hydrogen. The product  s t reams p r i m a r i l y  c o n s i s t e d  of gases ,  No. 2 
and 3 condensates ,  and heavy product  s l u r r y .  The r e a c t o r  was run a t  condi-  
t i o n s  of 45SoC, 1.0 h space t ime, and 13.8 MPa (2000 p s i g ) .  Af te r  l i n e d - o u t  
opera t ion  was achieved (34 h ) ,  a small  sample of labe led  octahydrophenanthrene 
(HPh) was in t roduced  t o  t h e  feed tank a t  a l e v e l  of 26 g/5000 g charge.  Af te r  
26 h,  t h e  next  labe led  compound, d i m e t h y l t e t r a l i n  ( D M T ) ,  was s i m i l a r l y  
charged,  and t h e  product  s t reams were analyzed.  For t h i s  and the  remaining 
t h r e e  labe led  s o l v e n t s ,  a 24-h per iod was used. The runs with labe led  s o l v e n t  
were done i n  t h e  fo l lowing  o r d e r :  (89-1) octahydrophenanthrene (HPh), (89- 
2 )  d i m e t h y l t e t r a l i n  ( D M T ) ,  (89-3) mesi tylene (MST), (89-4) methylphenanthrene 
(MePh), and (89-5) phenanthrene. 

In a l l  of the  runs,  it was assumed t h a t  the a d d i t i o n  of the  labe led  
so lvent  a t  a l e v e l  of about  0.5 w t %  once every 24 h would not  a f f e c t  l i n e d - o u t  
recyc le  opera t ion .  Based on a d e t a i l e d  m a t e r i a l  balance of t h e  second and 
f o u r t h  per iods ,  t h i s  assumption appeared v a l i d  a s  shown i n  t h e  Tables I1 and 
111. 

Ext rac t ion  of Frocess Samples from the  Recycle Runs--TO i s o l a t e  
concent ra tes  f o r  GC/MS and '-'C/"%-MS analyses ,  samples of both the combined 
condensates  and heavy s l u r r y  products  were separa ted  i n t o  f r a c t i o n s  using 
e x t r a c t i o n  and HPLC. The r e s u l t s  f o r  89-1 and 89-5 a r e  given i n  Table Iv. 
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1 
Calcula ted  Mater ia l  Balance of Labeled Species--To fo l low t h e  course 

of t h e  13C-labeled s p e c i e s  dur ing  SRC-I1 type recyc le  runs,  it w a s  necessary  
t o  account f o r  both s l u r r y  product  withdrawal and losses due t o  
vapor iza t ion .  In  the  case  of very v o l a t i l e  compounds, most of t h e  13C-label 
was recovered i n  t h e  l i g h t  condensate  c o l l e c t e d  i n  t h e  t r a p s .  This m a t e r i a l  
was not  recyc led ,  and, t h e r e f o r e ,  it was quick ly  l o s t  from t h e  system. In the  
c a s e  of e s s e n t i a l l y  n o n v o l a t i l e  s p e c i e s ,  l o s s e s  occurred by removal of a 
p o r t i o n  of the  r e a c t o r  e f f l u e n t  s t ream a s  heavy product. To account  f o r  
vapor iza t ion  l o s s e s ,  the  r e a c t o r  system was modeled using average m a t e r i a l  
balances with a f a c t o r  "XVAP" g i v i n g  the  f r a c t i o n  of 13C-labeled compound t h a t  
was lost dur ing  each r e a c t o r  pass due t o  vapor iza t ion .  Figure 2 is a p l o t  of 
t h e  c a l c u l a t e d  concent ra t ion  of t r a c e d  (13C)  of t h e  s l u r r y  from t h c  product  
tank a s  func t ions  of time and l o s s e s  due to vapor iza t ion .  

R e s u l t s  of Analysis  of F lu ids  f o r  3C-Labeled Compounds--In a d d i t i o n  
t o  an a n a l y s i s  of t h e  product  s l u r r i e s  and condensate  s t reams,  i n d i v i d u a l  
samples of pentane s o l u b l e s  ( o i l s ) ,  a s p h a l t e n e s ,  and THF i n s o l u b l e s  were 
analyzed f o r  13C/12C r a t i o s  t o  determine t r e n d s  with time. o v e r a l l  13C 
m a t e r i a l  balances were c a l c u l a t e d  to show how the  labe led  compounds were 
d i s t r i b u t e d  between gases ,  condensates  (Traps 1-3) ,  heavy products  (asphal -  
t e n e s ,  e t c . ) ,  and bulk product. 

As shown i n  Figures  3 and 4 (13C/12C r a t i o s  of s l u r r i e s  and conden- 
s a t e s ) ,  the resul ts  show the  t r e n d s  p r e d i c t e d  from Figure 2. S p e c i f i c a l l y ,  a 
concent ra t ion  peak occurred a t  about  4-6 h i n t o  t h e  c y c l e ,  and this went 
e s s e n t i a l l y  t o  zero  a f t e r  24 h. In a d d i t i o n ,  the  curves f o r  t h e  phenanthrene 
(Ph)  and octahydrophenanthrene (HPh) r u n s  were s i m i l a r ,  a s  would be expected 
from the  c loseness  of t h e i r  b o i l i n g  p o i n t s .  The loss of labe led  s p e c i e s  i n t o  
t h e  condensates  recovered i n  t h e  v a r i o u s  t r a p s  a l s o  followed expected t rends .  
A s  ind ica ted  by 13C a n a l y s i s ,  about  11.8% of t h e  h i g h e s t  b o i l i n g  l a b e l e d  
compound, methylphenanthrene (MePh) was found i n  the  condensates .  However, 
t h e  13C-labeled methyl group r e a d i l y  cracked a s  i n d i c a t e d  by a high recovery  
(namely 46.9%) of labe led  gases ,  p r i m a r i l y  methane. The recovery of 13C- 
l a b e l e d  compounds i n  the  condensates  from the HFh and Fh runs was e s s e n t i a l l y  
i d e n t i c a l  a t  32.9 and 34.2%, r e s p e c t i v e l y .  In the  run with labe led  dimethyl-  
t e t r a l i n ,  i n  excess  of 80% of t h e  l a b e l  was observed i n  the  condensate. Only 
a l o w  recovery (about  10%) of the  low b o i l i n g  mesi tylene was recovered i n  t h e  
condensates .  From an a n a l y s i s  of the  remaining s t reams,  it appeared t h a t  t h i s  
compound was l o s t  from the  heated feed tank .  

The l e v e l s  of labe led  compounds i n  the  heavy product  f r a c t i o n s  
somewhat fol low a n t i c i p a t e d  t rends .  The amount of HPh held i n  t h e  asphal tene  
f r a c t i o n ,  by chemical adduct ion,  was 4.8% of t h a t  fed ,  while  t h a t  i n  t h e  THF 
i n s o l u b l e s  was 0.5%. I n  t h e  case  of Ph, the  r e s p e c t i v e  l e v e l s  were 1.5 and 
0.7%. The l e v e l  of adduct ion of MeE% was in te rmedia te  between HPh and ph a t  
2.9% i n  t h e  asphal tenes  and 0.3% i n  the  THF i n s o l u b l e s .  Consider ing the  high 
l e v e l  of MePh cracking ,  these  l a t t e r  v a l u e s  a r e  c o n s i s t e n t  with those  of 
HPh. E s s e n t i a l l y  no adduct ion of d i m e t h y l t e t r a l i n  and mesi tylene were 
observed i n  t h a t  t h e  13C/12C r a t i o s  of t h e  heavy f r a c t i o n s  from these  runs 
were t h e  same as those  of t h e  base case  before  l a b e l  use. 
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Reaction Trends of Indiv idua l  Phenanthrene Compounds--The aromatic 
c u t s  of condensates and s l u r r y  product streams were analyzed f o r  Run 89-1 
(HPh) and 89-5 (Ph) .  It i s  f i r s t  noted t h a t  octahydrophenanthrene was p r e s e n t  
i n  t h e  products a t  c o n c e n t r a t i o n s  less than 0.03 w t % .  This compound gave up 
a t  least a p o r t i o n  of i t s  hydrogen very r a p i d l y ,  and,  t h e r e f o r e ,  i t  can be 
considered t o  be a b s e n t  from a r e c y c l e  system unless  e x t e r n a l  c a t a l y t i c  
hydrogenation is used. Within the accuracy of  t h e  GC/MS a n a l y s i s ,  t h e  concen- 
t r a t i o n s  of phenanthrene, dihydrophenanthrene (fi2Ph), and tetrahydrophenan- 
t h r e n e  (H4Ph) remained e s s e n t i a l l y  c o n s t a n t  through the run p e r i d s  of Runs 89- 
1 and 89-5. The r e s u l t s  are given i n  Table V. 

I t  is f i r s t  obvious t h a t  t h e  r e s u l t s  from RUnS 89-1 and 89-5 a r e  
c o n s i s t e n t .  The t o t a l  concent ra t ions  of phenanthrene p l u s  hydrophenanthrenes 
averaged 2.9 and 2.8 w t %  i n  t h e  condensate and s l u r r y ,  r e s p e c t i v e l y .  ( N o t e  
t h a t  a l k y l  s u b s i t u t e d  phenanthrenes are n o t  inc luded . )  Due to  b o i l i n g  p o i n t s ,  
t h e  r e l a t i v e  d i s t r i b u t i o n s  of hydrophenanthrenes to  phenanthrenes were g r e a t e r  
i n  t h e  condensates than i n  t h e  s l u r r y .  From an o v e r a l l  m a t e r i a l  ba lance ,  t h e  
conversions of c o a l  t o  Ph, HZPh, and H4Ph were about 0.7, 0.2, and 0.2 g/100 g 
MAF c o a l ,  r e s p e c t i v e l y .  

By a GC/MS a n a l y s i s  of t h e  product f r a c t i o n  o f  Runs 89-1 and 89-5, 
it was found with t h e  i n t r o d u c t i o n  of l a b e l e d  Ph i n  SRC-I1 type o p e r a t i o n ,  
l i t t l e  of t h i s  component is hydrogenated t o  d ihydro  and t e t r a h y d r o  s p e c i e s ,  
In a d d i t i o n ,  an observed presence of l a b e l e d  compounds of C3-naphthalene and 
isomerized d e r i v a t i v e s  of octahydrophenanthrene confirms t h a t  r i n g  opening and 
i somer iza t ion  of hydroaromatics occurs  a t  coal l i q u e f a c t i o n  condi t ions .  
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Table I 

ANALYSIS OF COAI. AND P-99 DERIVED PROCESS SOLVENT 

Powhatan No.  5 Process  
Sample Designation Mine Coal Solvent  

1. Proximate Analysis  
% Moisture 1.1 

Ash 9.6 
Vola ti le  39.6 
Fixed Carbon 49.7 

2. Elemental Analysis (Dry)  
% Carbon 72.3 87.2 

Hydrogen 5.1 8.7 

Oxygen 7.8 ( d i f f )  2.8 
S u l f u r  3.6 0.4 
Ash 9.7 -_ 

100.0 100.0 

Nitrogen 1.5 0.9 

- - 

Table I1 

OVERALL MATERIAL BALANCE 
Recycle Run 89 

Feed (g /h)  Products (g /h)  

Run Period 89-2 89-4 Run Period - -  -- 89-2 89-4 

Coal 367.6 367.8 Gases (and HZO) 98.9 97.5 
96.9 69.6 Process  Solvent 196.0 202.3 No. 2 Condensate 

Heavy Product S l u r r y  661.6 656.0 No. 3 Condensate 95.1 141.8 

Hydrogen 
( p l u s  ice t r a p s )  

13.9 13.7 Heavy Product S l u r r y  900.5 882.3 
Tota l  1239.1 1239.8 lb ta l  1191.4 1190.2 
-- (Consumption ) 

Recovery 96.1% 96.0% 
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Table I11 

NET PRODUCT YIELDS (MAF BASIS) 
R e c y c l e  Run 89  

Yie ld  Component 89-2 - 89-4 Average - 

H2 Consumption -4.2 -4.2 -4.2 
16.5 15.7 16.1 

2.3 
'1-'4 
O t h e r  Gases (CO, e tc .  ) 2.3 2.3 
Water 5.9 5.9 5.9 

C5-3800F 15.5 16.8 16.1 
380-550°F 9.1 13.0 11 .1  

C5-9000F 34.9 37.4 36.2 
380-900°F 19.4 20.6 20.1 

550-900°F 10.3 __ 7.6 9.0 

900°F+ P.S. 35.3 34.2 34.7 
IOM 9.3 __ 8.7 9.0 
900°Ff O r g a n i c  44.6 42.9 43.7 

- - 

- 

T a b l e  IV 

HPLC EXTRACTION SUMMARY 

S a t u r a t e s  Aromatics R e s i n s  Hexane I n s .  
P r o d u c t  F r a c t i o n  (Wt%) ( W t % )  ( W t % )  ( W t % )  

Run P e r i o d  89-1: 
a. C o n d e n s a t e s  5.5 f 1.6 50.1 f 3.8 44.0 f 4.0 0.4 f 0.2 
b. Oils ( S l u r r y )  2.8 f 0.5 64.7 f 4.1 32.5 f 6.5 

Run P e r i o d  89-5: 
a .  C o n d e n s a t e s  4.8 f 2.4 53.0 f 5.0 41.9 * 3.7 0.3 f 0.2 
b .  O i l s  ( S l u r r y )  3.3 f 0.3 69.0 f 3.8 27.7 f 3.8 

T a b l e  V 

SUMMARY OF PHENANTHRENE CONCENTRATIONS, WT% 

Component 89-1 89-5 
C o n d e n s a t e  S l u r r y  C o n d e n s a t e  Slurry 

P h e n a n t h r e n e  1.66 2.10 1 .85 2.25 
HZPh 0.47 0.24 0.61 0.32 
H4Ph 0.67 0.33 0.51 0.30 
H8Ph <0.03 <0.03 <0.03 <0.03 
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